ABSTRACT The L1CAM family of cell adhesion molecules is a conserved set of single-pass transmembrane proteins that play diverse roles required for proper nervous system development and function. Mutations in L1CAMs can cause the neurological L1 syndrome and are associated with autism and neuropsychiatric disorders. L1CAM expression in the mature nervous system suggests additional functions besides the well-characterized developmental roles. In this study, we demonstrate that the gene encoding the Caenorhabditis elegans L1CAM, sax-7, genetically interacts with gtl-2, as well as with unc-13 and rab-3, genes that function in neurotransmission. These sax-7 genetic interactions result in synthetic phenotypes that are consistent with abnormal synaptic function. Using an inducible sax-7 expression system and pharmacological reagents that interfere with cholinergic transmission, we uncovered a previously uncharacterized nondevelopmental role for sax-7 that impinges on synaptic function.
1CAMS are cell adhesion molecules conserved in Caenorhabditis elegans, Drosophila melanogaster, and vertebrates that are important for nervous system development and function. L1CAMs share a basic body plan of six immunoglobulinlike domains and five fibronectin type III repeats in the extracellular domain, a single transmembrane domain, and a highly conserved cytoplasmic tail. These domains promote both homophilic and heterophilic interactions with diverse molecules to promote cell adhesion and regulation of signal transduction in processes that include axon guidance, myelination, fasciculation, and maintenance of neural architecture, as well as synapse formation and maintenance (Chen and Zhou 2010; Sakurai 2012) .
The importance of L1CAM function in nervous system development and function is evident by the diverse neurological symptoms resulting from mutations in the human L1CAM gene family that consists of L1, NrCAM, neurofascin, and CHL1. For example, mutations in NrCAM and CHL1 are associated with autism, addiction, and schizophrenia. In addition, mutations in the X-linked L1 gene result in the L1 syndrome, the symptoms of which include corpus callosum hypoplasia, mental retardation, adducted thumbs, spastic paraplegia, and hydrocephalus (CRASH) (Chen and Zhou 2010; Sakurai 2012) . While the severity of these symptoms is dependent on the particular lesion in L1, it is interesting that expressivity of CRASH symptoms can vary among intrafamilial patients (Jouet et al. 1995; Schrander-Stumpel et al. 1995; Fransen et al. 1998) . For example, a male L1 patient may exhibit severe hydrocephalus while his male sibling carrying the same allele may not present with hydrocephalus. This variable phenotypic heterogeneity suggests L1 may genetically interact with other genes for disease modification. Supporting this hypothesis is the variable association of Hirschsprung's disease (HSCR) in L1 patients with hydrocephalus (Okamoto et al. 1997; Parisi et al. 2002; Jackson et al. 2009; Fernandez et al. 2012; Takenouchi et al. 2012) . HSCR is a complex, multigenic intestinal aganglionosis disorder where ganglion cell precursors fail to migrate to the distal gut, resulting in congenital constipation. Indeed, murine studies revealed L1 as a modifier gene in intestinal aganglionosis that is consistent with HSCR (Wallace et al. 2010 (Wallace et al. , 2011 . Additional studies on L1 as a modifier uncovered a novel role for L1 in promoting the migration and differentiation of ganglion cell precursors in the distal gut (Anderson et al. 2006; Turner et al. 2009 ), thus illustrating the power of modifier gene studies in identifying gene functions and cellular mechanisms.
In addition to embryonic expression, L1CAMs are also expressed in adults (Liljelund et al. 1994; Wang et al. 1998; Backer et al. 2002; Nikonenko et al. 2006) , suggestive of potential L1CAM functions in mature animals that may be masked by their developmental requirement. The impairment of these potential roles may also account for some of the CRASH symptoms in the L1 disorder and possibly the autism and neuropsychiatric disorders that are strongly associated with L1CAMs. This study takes advantage of the ease in performing genetic modifier analyses in C. elegans to dissect the functions of the C. elegans L1CAM, SAX-7, which in addition to controlling dendritic branching morphogenesis, also maintains the position of neurons and their axons to preserve nervous system architecture (Zallen et al. 1999; Sasakura et al. 2005; Wang et al. 2005; Dong et al. 2013; Salzberg et al. 2013) . Here, we provide evidence demonstrating that sax-7 acts as a modifier of synaptic regulation, uncovering a novel nondevelopmental neuronal role for sax-7.
Materials and Methods

Strains
C. elegans strains, provided by the Caenorhaditis Genetics Center, were grown on nematode growth medium (NGM) plates at 21°; N2 Bristol served as the wild-type strain (Brenner 1974) and CB4856 served as the Hawaiian strain used for snip singlenucleotide polymorphism (SNP) mapping. The alleles used in this study are listed by linkage groups as follows:
LGI: unc-13(n2813), unc-13(e312), and unc-13(e1091) (Brenner 1974; Kohn et al. 2000; Yook et al. 2001) .
LGII: rab-3(js49) (Nonet et al. 1997) .
LGIV: unc-24(e138), dpy-20(e1282), and unc-29(e193) (Brenner 1974) ; sax-7(eq1) (Wang et al. 2005; Zhou et al. 2008) ; sax-7(nj48) (Sasakura et al. 2005) ; juIs1 (Hallam and Jin 1998) ; gtl-2(tm1463) (The Japanese National Bioresource Project); and gtl-2(eq3), which was outcrossed from the LH1 strain (Wang et al. 2005) (see Three-factor cross analysis in Materials and Methods). LGX: oxIs12 (McIntire et al. 1997) .
The integrated oxIs12 (P unc-47 ::gfp) (McIntire et al. 1997) , juIs1 (P unc-25 ::snb-1::gfp) (Hallam and Jin 1998) , evIs111 (rgef-1::gfp), and wdIs20(P unc-4 ::snb-1::gfp) (Lickteig et al. 2001) transgenes were crossed into respective strains to visualize the architecture of the whole nervous system as well as examine GABA and cholinergic neuron and synapse morphology. The strains generated in this study are as follows: LH202: sax-7(eq1) gtl-2(eq3) was outcrossed eight times, and the deletion was confirmed by DNA sequencing of PCR products. LH216: sax-7(eq1) gtl-2(tm1463). LH250: sax-7(nj48) gtl-2(eq3). LH358: gtl-2(eq3). LH749: sax-7(nj48) gtl-2(eq3); oxIs12. LH750: sax-7(eq1) gtl-2(tm1463); oxIs12. LH832: juIs1 sax-7(eq1) gtl-2(tm1463). LH766: unc-13(n2813); sax-7(eq1). LH981: wdIs20. LH987: sax-7(eq1) gtl-2(tm1463); wdIs20. LH984: sax-7(eq1); evIs111. LH988: sax-7(eq1) gtl-2(tm1463); evIs111. LH985: unc-13(e312); sax-7(eq1). LH986: unc-13(e1091); sax-7(eq1). LH989: rab-3(js49); sax-7(eq1).
Three-factor cross analysis
A three-factor cross, which was performed to test for a mutation to the right of sax-7, utilized the unc-24 gene, which maps to the left of sax-7 (positions 3.51 and 3.59, respectively), and the dpy-20 gene, which maps 1.6 map units to the right of sax-7. Crossing into the LH1 strain, we generated a strain with the genotype unc-24 dpy-20/ sax-7(eq1) and two classes of genetic recombinants were isolated: Unc non-Dpy and Dpy non-Unc. For each recombinant of each class, it was determined whether thin, lethargic worms were among the progeny. If these traits were conferred by eq1, then they would show close linkage to unc-24 so that almost all of the Dpy non-Unc recombinants should segregate thin, lethargic worms.
Of the 30 recombinants analyzed, only 4 of 13 Dpy nonUnc recombinants segregated thin, lethargic progeny while 11 of 17 Unc non-Dpy recombinants segregated thin, lethargic progeny. These data demonstrate that LH1 has a second mutation we designated as eq3 that maps between unc-24 and dpy-20 and is somewhat closer to the latter marker ( Figure 1 ).
Molecular characterization of gtl-2 mutants
eq3 or tm1463 homozygotes were lysed to provide template DNA for the generation of PCR products specific for the gtl-2 gene. Primers were chosen such that the DNA sequence could be determined for all of the exons and for short regions of the introns adjoining the exons. The DNA sequence of both strands of PCR products was determined en masse at the Advanced Genetic Analysis Center (University of Minnesota). DNA sequences were compared with the wild-type sequence at wormbase.org. The eq3 mutation was confirmed by sequencing wild-type DNA in the region.
DNA constructs and generation of transgenic animals
Transgenic animals were generated according to standard procedures (Mello et al. 1991) . Based on Zhou et al. (2008) , we injected sax-7 gtl-2 animals with co-injection marker P str-1 :: gfp (Troemel et al. 1995) along with different sax-7 constructs that include 70 ng/ml pLC262 (P sax-7 ::sax-7) or 10 ng/ml pLC237 (P myo-3 ::sax-7L) or 20 ng/ml pLC227 (P unc-119 :: sax-7L) or 2.5 ng/ml pLC238 (P dpy-7 ::sax-7L). To generate the inducible sax-7 construct (pLC672), we inserted sax-7L into pPD49.78, which contains the HSP16-2 promoter (courtesy of A. Fire, Stanford University School of Medicine, Stanford, CA) between the BamHI and KpnI sites. pLC672 was injected at 50 ng/ml along with 1.5 ng/ml of P myo-2 :: tdtomato as a co-injection marker: LH416-LH418: sax-7(eq1) gtl-2(tm1463); eqExP sax-7 ::sax-7. LH419-LH421: sax-7(nj48) gtl-2(eq3); eqExP sax-7 ::sax-7. LH410-LH412: sax-7(eq1) gtl-2(tm1463); eqExP unc-119 ::sax-7. LH413-LH415: sax-7(nj48) gtl-2(eq3); eqExP unc-119 ::sax-7. LH403-LH406: sax-7(eq1) gtl-2(tm1463); eqExP myo-3 ::sax-7. LH407-LH409: sax-7(nj48) gtl-2(eq3); eqExP myo-3 ::sax-7. LH422-LH423: sax-7(eq1) gtl-2(tm1463); eqExP dpy-7 ::sax-7. LH488-LH490: sax-7(nj48) gtl-2(eq3); eqExP dpy-7 ::sax-7. LH957-LH960: unc-13(n2813); sax-7(eq1); eqExP hsp16.2 ::sax-7.
The cosmid F54D1 was injected at 5 ng/ml together with 100 ng/ml pTG96 (Yochem et al. 1998) into gtl-2 animals to generate eqEx72, which was used for mosaic analysis (see Materials and Methods).
P gtl-2 ::gtl-2 (pLC645): A 17.5-kb XmaI-KpnI fragment from cosmid F54D1 was subcloned into pBS II SK2. This fragment consists of 6.4 kb upstream of the putative ATG start codon and 347 bp downstream from the poly(A) addition site of the gene (Figure 1 ). A total of 50 ng/ml pLC pLC645 was injected along with 70 ng/ml P str-1 ::gfp into sax-7 gtl-2 animals. P gtl-2 ::gtl-2::gfp (pLC646): GFP DNA PCR'd from pPD95.75 was inserted in frame into pLC645 into a NotI site that was engineered upstream of the stop codon of gtl-2 DNA. gtl-2 animals injected with 30 ng/ml pLC646 along with 70 ng/ml of co-injection marker pRF4 (Mello et al. 1991) were rescued as were sax-7 gtl-2 transgenic animals injected with 20 ng/ml pLC646 along with 2 ng/ml of co-injection marker P myo-2 ::tdtomato.
To generate tissue-specific-expressing gtl-2 constructs, tissuespecific promoters were PCR'd and put in frame of (1) pLC606, a derivative of pLC645 that lacks the gtl-2 promoter, or (2) pLC607, a derivative of pLC646 that lacks the gtl-2 promoter. For expression in the excretory cell, we generated P exc-5 ::gtl-2 (pLC611) and P exc-5 ::gtl-2::gfp (pLC623); both constructs contain 2.6 kb of sequence upstream of the putative exc-5 start codon (Suzuki et al. 2001) . A total of 50 ng/ml or 20 ng/ml of the gtl-2 constructs was injected along with 2 ng/ml of co-injection marker P myo-2 ::tdtomato into sax-7 gtl-2 or gtl-2 animals. For expression in hyp7, we generated P dpy-7 :: gtl-2 (pLC612) and P dpy-7 ::gtl-2::gfp (pLC631); both constructs contain 400 bp of sequence upstream of the putative dpy-7 start codon (Gilleard et al. 1997) . A total of 2.5 ng/ml of the gtl-2 constructs was injected along with 70 ng/ml of coinjection marker P str-1 ::gfp into sax-7 gtl-2 animals. For expression in body-wall muscles, we generated P myo-3 ::gtl-2 (pLC613) and P myo-3 ::gtl-2::gfp (pLC637); both constructs contain 2.3 kb myo-3 promoter sequence (Okkema et al. 1993) . A total of 20-50 ng/ml of each construct was injected along 70 ng/ml of co-injection marker P str-1 ::gfp into sax-7 gtl-2 or gtl-2 animals. For expression in the nervous system, we Figure 1 sax-7 and the closely linked gtl-2 genetically interact to produce synthetic coiling of the body. (A) The positions of sax-7 and gtl-2 on linkage group IV. The chromosomal deficiency stDf7 uncovers sax-7, gtl-2, and dpy-20. The right breakpoint of stDf7 is not known (dashed line). Neither sax-7 nor gtl-2 is uncovered by two other deficiencies in the region, nDf41 and eDf19. (B) The 26 exons of gtl-2 are represented by solid boxes. The positions of the eq3 and tm1463 mutations are indicated. (C) GTL-2 is predicted to have six transmembrane domains that form a pore for cations with the N and C termini depicted as being cytosolic. Also indicated are the regions of the protein that are predicted to be affected by the eq3 or tm1463 mutations. (D) Differential interference contrast micrographs of wild-type (WT), sax-7 gtl-2, gtl-2, and sax-7 adult animals. Note that the scrawniness of the gtl-2 and sax-7 gtl-2 animals is quite apparent as they are thinner and smaller than wild-type and sax-7 animals. In addition to being scrawny, sax-7 gtl-2 animals also tend to coil their bodies, unlike sax-7 or gtl-2 animals. Arrows point to the intestinal lumen, which is enlarged in gtl-2 and sax-7 gtl-2 animals, indicating constipation, compared to wild-type and sax-7 animals. Bar, 50 mm. generated P rgef-1 ::gtl-2 (pLC626) and P rgef-1 ::gtl-2::gfp (pLC639); both constructs contain 3.5 kb of rgef-1 promoter sequence (Altun-Gultekin et al. 2001) . A total of 20-40 ng/ml of the gtl-2 constructs was injected along with 70 ng/ml or 2 ng/ml of co-injection markers P myo-2 ::tdtomato into sax-7 gtl-2 animals: LH530-LH532: sax-7(eq1) gtl-2(tm1463); eqExP gtl-2 ::gtl-2. LH694-LH696: sax-7(eq1) gtl-2(tm1463); eqExP gtl-2 ::gtl-2::gfp. LH491-LH493: sax-7(eq1) gtl-2(tm1463); eqExP exc-5 ::gtl-2. LH505-LH506: sax-7(eq1) gtl-2(tm1463); eqExP dpy-7 ::gtl-2. LH507-LH509: sax-7(eq1) gtl-2(tm1463); eqExP myo-3 ::gtl-2. LH659-LH660: sax-7(eq1) gtl-2(tm1463); eqExP rgef-1 ::gtl-2.
Genetic mosaic analysis
Genetic mosaics can be analyzed in C. elegans on the basis of the occasional failure of an extrachromosomal array to disjoin during embryonic cell divisions Yochem et al. 1998 . The source of the mosaics was LH104 [gtl-2(eq3); eqEx72[gtl-2(+); sur-5::gfp]], a strain having an extrachromosomal array that contains copies of cosmid clone F54D1, which efficiently rescues mutant, chromosomal copies of gtl-2, and copies of the plasmid pTG96, for nuclear expression of SUR-5::GFP in many cell types (Yochem et al. 1998 ). Thus, gtl-2(+) and nuclear green fluorescence cosegregate in these strains. Progeny of the strains were examined with a dissecting microscope equipped for epifluorescence for those lacking SUR-5::GFP in some but not all cells, indicating nondisjunction of the array during development. The embryonic cell division at which the nondisjunction occurred was deduced on the basis of the anatomy and nearly invariant cell lineage (Sulston et al. 1983) following an examination of the mosaics with a compound microscope.
Whole-mount immunofluorescence
Young adult animals of wild-type and sax-7(eq1) gtl-2 (eq3) backgrounds were fixed in methanol and stained for indirect immunofluorescence, using the freeze-crack methanol fixation method. Fixed animals were washed, incubated with primary antibodies anti-UNC-17 (1:2000) and anti-UNC-29 (1:100) at 4°, washed again, and incubated in secondary antibody (Alexa 488 and 568; Molecular Probes, Eugene, OR) for 2 hr at room temperature. After washing, the samples were mounted and examined using an Axioplan 2 microscope (Carl Zeiss, Thornwood, NY). Images were acquired using the AxioCam MRM and AxioVision 4.5 software (Carl Zeiss).
Live-animal microscopy
Nervous system architecture was examined in animals containing the evIs111 and oxIs12 GFP markers while synapse morphology in GABA and cholinergic neurons was examined in animals containing the juIs1 and wdIs20 GFP markers, respectively. Synchronized L4 or young adult animals were mounted on 2% agarose pads and anesthetized using 1% (v/v) 1-phenoxy-2-propanol in M9 buffer and scored for defects, using an Axioplan 2 microscope (Carl Zeiss). Images of nervous system architecture in animals containing evIs111 were collected as stacks along the z-axis, using an Olympus Fluoview FV1000 upright confocal microscope and Fluoview software. Images of the other animals were acquired using an AxioCam MRM and AxioVision 4.5 software (Carl Zeiss). Displaced neurons were scored as previously described . To quantitate defects in synapse formation, images of the dorsal nerve cord were acquired and synaptic puncta were analyzed manually over 50 mm. n = 25 animals for each strain.
Aldicarb and Levamisole assays
The assays are based on previously established protocols (Miller et al. 1996; Saifee et al. 1998) . Young adults were placed onto NGM plates containing either 0.25 mM Levamisole ($99% tetramisole hydrochloride; Sigma-Aldrich) or 0.75, 1, 1.25, or 1.5 mM of the acetylcholinesterase inhibitor Aldicarb (Aldicarb Pestanal; Sigma-Aldrich). At 30-min intervals for 2.5-3 hr, we counted the number of paralyzed animals vs. animals that exhibited locomotion after being prodded with a platinum wire. For each strain, we performed 10-12 assays, in which n = 25 animals in each assay.
Growth on varying amounts of magnesium supplementation
gtl-2 and sax-7 gtl-2 L4-staged animals were placed in NGM plates containing 0, 1, 2, or 4 mM magnesium supplementation. Their progeny were examined for differences in growth, movement, and Aldicarb sensitivity. Aldicarb assays were performed as described, except the plates used were NGM containing Mg 2+ supplementation that corresponded to that of their growth medium.
Thrashing assays
The thrashing assays were performed as previously described (Miller et al. 1996) . Young adult hermaphrodites were transferred into a well of a depression slide containing 200 ml M9 buffer. After 2 min of recovery, the number of times an animal thrashed (bending at midbody) was counted for 1 min. n = 50 animals per strain.
Heat-shock induction of sax-7 expression All strains were cultured at 15°to reduce potential leakiness of the hsp16.2 promoter. L4-staged or young adult transgenic and nontransgenic control animals were transferred and incubated at 34°for 2 hr before they were allowed to recover at 15°for either 3 or 15 hr. After recovery, animals were subjected to the Aldicarb assay (post-heat-shock recovery time of 3 hr), the thrashing assay (post-heat-shock recovery time of 15 hr), or examination of the displaced neuron phenotype (post-heat-shock recovery time of 3 and 15 hr).
Results
eq3 is a mutation in the gtl-2 gene
The LH1 strain, which is homozygous for the sax-7 deletion allele, eq1, was previously described as having a phenotype that is more severe than reported for other sax-7 alleles. In addition to the neuronal position maintenance defects observed in other sax-7 mutant backgrounds, LH1 animals are also scrawny, slow growing (Gro), egg-laying defective (Egl), constipated (Con), and lethargic with a tendency to coil their bodies, behaviors that are not exhibited by other sax-7 alleles (Wang et al. 2005) . One possible explanation for this difference is that eq1, unlike the other sax-7 alleles, is a null mutation, as revealed by molecular and genetic analyses and the lack of detectable SAX-7 protein in sax-7(eq1) animals immunostained with an anti-SAX-7 antibody; in contrast, the other sax-7 alleles still show residual SAX-7 protein (Zhou et al. 2008 ). An alternative explanation is the presence of a second mutation that remained linked to sax-7 after the original isolation and outcrossing of the eq1 mutation. Indeed, examination by threefactor crosses (see Materials and Methods) revealed a second mutation, designated as eq3, to the right of sax-7 in the LH1 strain ( Figure 1A) . Free of eq3, the sax-7(eq1) phenotype is generally similar to that described for other sax-7 alleles, including defective neuronal position maintenance (Sasakura et al. 2005; Zhou et al. 2008) . The scrawny, Gro, Egl, Con, and lethargic phenotype of LH1 is attributed to the eq3 mutation ( Figure 1D ).
Using SNPs present in a Hawaiian strain of C. elegans, we mapped the eq3 mutation relative to the physical map (Davis et al. 2005) . Micro-injection of the F54D1cosmid clone within the mapped interval conferred full rescue of eq3. Further subcloning and PCR analysis of F54D1, together with DNA sequencing of mutant homozygotes, demonstrated that eq3 is a mutation in gtl-2, which encodes a member of the TRPM family of channels that regulate the passage of divalent cations, including Mg 2+ and Ca 2+ (Venkatachalam and Montell 2007; Teramoto et al. 2010; Nilius and Owsianik 2011) .
eq3 is a G-to-A transition that changes amino acid 1064 from a tryptophan to an amber stop, which should result in a truncation of the product in the third extracellular loop (Figure 1 , B and C). gtl-2(eq3) homozygotes are indistinguishable from animals homozygous for gtl-2(tm1463), a previously described loss-of-function deletion allele (Stawicki et al. 2011) . In addition to the Gro, Egl, and lethargic phenotype, animals homozygous for eq3 or tm1463 are also Con and scrawny, phenotypes that are apparent in Figure 1D . These phenotypes are similar to those of eq3/tm1463 trans-heterozygotes as well as eq3/stDf7 or tm1463/stDf7 hemizygotes, where stDf7 is a chromosomal deficiency that removes multiple genes, including gtl-2 ( Figure 1A ).
gtl-2 genetically interacts with the cell-adhesion gene sax-7
Unlike the other described phenotypes, the tendency to coil by LH1 animals is not displayed by either sax-7(eq1) or gtl-2(eq3) single-mutant animals ( Figure 1D ). This synthetic coiling phenotype is also exhibited by additional sax-7 gtl-2 strains we generated with gtl-2(tm1463) and another putative null sax-7 allele, nj48. Thus the synthetic coiling in LH1 is not allele specific, indicating sax-7 and gtl-2 genetically interact.
To determine the significance of this genetic interaction, i.e., the cause of the coiling phenotype, we first examined sax-7 gtl-2 nervous system morphology. Other than the sax-7-related neuronal displacement, we detected no obvious abnormalities in nervous system architecture, as visualized by a previously established neuronally-expressed GFP marker, evIs111. In addition, we did not detect any significant difference in synapse morphology and spacing, as visualized by synaptobrevin/SNB-1::GFP in both cholinergic and GABAergic neurons (Supporting Information, Figure S1 ). These results suggest the coiling phenotype is not a result of defects in nervous system architecture or development; rather, this coiling phenotype is more likely due to impaired nervous system function. Indeed, animals with impaired neuromuscular function can exhibit coiling phenotypes (Rand and Russell 1984; Alfonso et al. 1994; Harris et al. 2000) . Moreover, gtl-2 was recently shown to have modulatory effects on excitation-inhibition synaptic imbalance caused by increased activity in the neuronal ACR-2R acetylcholine receptor (Stawicki et al. 2011) . We thus hypothesized that sax-7 gtl-2 animals might have abnormal neuromuscular function.
To test this hypothesis, we assessed whether sax-7 gtl-2 animals might show resistance to Aldicarb, a cholinesterase inhibitor that has been used to successfully identify synaptic transmission mutants (Nguyen et al. 1995; Miller et al. 1996; Sieburth et al. 2005) . Exposure to cholinesterase inhibitors causes acute paralysis in wild-type animals as a result of acetylcholine accumulation at neuromuscular junctions. However, mutants with impaired acetylcholine secretion or acetylcholine receptor function generally exhibit the resistance to inhibitors of cholinesterase (Ric) phenotype. We performed a time-course response to four different Aldicarb concentrations. While the different strains exhibited consistent responses in all conditions tested, the 2-hr time point on 1 mM Aldicarb provided the highest sensitivity to changes in the animals' response ( Figure 2A) . A total of 5-7% of sax-7 animals and 10% of gtl-2 animals still exhibited movement by 2 hr of exposure to 1 mM Aldicarb; by comparison, .30% of sax-7 gtl-2 animals were still able to move ( Figure 2B) , thus displaying a level of Aldicarb resistance that is synergistic rather than additive. As expected, virtually no wild-type animals were moving, while 100% of unc-29 animals, which are deficient in nicotinic acetylcholine receptor function (Fleming et al. 1997) , were still active and exhibiting a strong level of Aldicarb resistance (data not shown). The sax-7 gtl-2 Aldicarb resistance can be reduced with transgenic expression of gtl-2 or sax-7 ( Figure 2B ). The synthetic coiling and synergistic Ric phenotypes by sax-7 gtl-2 animals relative to each single-mutant background reveal a genetic interaction between sax-7 and gtl-2 and suggest that the loss of function of both genes results in abnormal neuromuscular function.
sax-7 gtl-2 Aldicarb resistance and coiling behavior is suppressed by nonneuronal gtl-2 expression or growth on culture medium with reduced Mg 2+ levels
To determine how loss of gtl-2 contributes to sax-7 gtl-2 synthetic phenotypes, we examined the site of action for GTL-2, using tissue-specific gtl-2 expression and mosaic analysis. The GTL-2 TRPM channel was previously shown to be expressed in the excretory cell and hyp7 (Teramoto et al. 2010; Stawicki et al. 2011) . In agreement with our mosaic analysis ( Figure S2 ), expression of gtl-2::gfp in either of these tissues suppressed the sax-7 gtl-2 coiling tendency and gtl-2-related behavioral phenotypes such that transgenic sax-7 gtl-2 double-mutant animals are healthy and robust, exhibiting relatively normal Figure 2 The response of sax-7 gtl-2 as well as sax-7 and gtl-2 single-mutant strains to the cholinesterase inhibitor, Aldicarb, and the acetylcholine receptor agonist, Levamisole. (A) A time-course response of wild-type and mutant strains on NGM media containing 0.75, 1, 1.25, or 1.5 mM Aldicarb and 0.25 mM Levamisole. Controls include wild type (WT), which is sensitive to Aldicarb and Levamisole, and unc-29(e193), which is resistant to Aldicarb and Levamisole (data not shown) (Miller et al. 1996; Fleming et al. 1997) . The color-coded *'s in the Aldicarb assays represent the P-values calculated by Student's t-test comparing sax-7 gtl-2 Aldicarb resistance to the corresponding gtl-2 allele. On the other hand, the color-coded *'s in the Levamisole assays represent the P-values when comparing sax-7 gtl-2 Levamisole resistance to the corresponding sax-7 allele. *P , 0.05, **P , 0.005, ***P , 0.0001. (B) The percentage of animals moving after a 2-hr exposure to 1 mM Aldicarb. Transgenes containing wild-type gtl-2 can consistently suppress the Aldicarb resistance exhibited by sax-7 gtl-2 double mutants. Similarly, transgenes containing wild-type sax-7 restore the level of resistance of the double mutant to that of the gtl-2 single mutant. Three independent transgenic lines were analyzed for each construct assessed. Error bars show the standard error of the mean of at least 12 sample sets, where n = 25 animals for each set.
movements. Importantly, Aldicarb resistance in these transgenic sax-7 gtl-2 animals is suppressed ( Figure 3A ). In contrast, gtl-2::gfp expressed in body-wall muscle or neurons did not suppress sax-7 gtl-2 coiling and Ric phenotypes. The ability for nonneuronal gtl-2 expression to suppress the apparent neuromuscular defects is consistent with a recent study that showed similar gtl-2 expression in either of these nonneuronal tissues can also modulate ACR-2-related synaptic activity (Stawicki et al. 2011) .
GTL-2 plays a significant role in maintaining systemic Mg 2+ levels; indeed, gtl-2 mutant animals are hypermagnesemic (Teramoto et al. 2010) . Because hypermagesemia can affect synaptic transmission to cause neurologic symptoms (Topf and Murray 2003) , we hypothesized that the increased systemic Mg 2+ level caused by loss of gtl-2 function contributes to the coiling and Ric phenotype in sax-7 gtl-2 animals. To test this hypothesis, we assessed the effects of culturing sax-7 gtl-2 animals on C. elegans growth medium (NGM) supplemented with different amounts of Mg 2+ on movement and response to aldicarb. sax-7 gtl-2 animals cultured on standard NGM, which is supplemented with 1 mM Mg 2+ , display the described phenotypes and Aldicarb resistance ( Figure 1 and Figure 2 ). But when cultured on nonsupplemented NGM [nonsupplemented NGM still contains some residual Mg 2+ due to its presence in the bacteria fed to C. elegans as well as the agar used in NGM (Teramoto et al. 2010) ], sax-7 gtl-2 animals are robust and healthy, exhibiting minimal coiling behavior and importantly, no significant resistance to Aldicarb ( Figure 3B ). Aldicarb responses were not assessed under conditions of higher levels of Mg 2+ (2 and 4 mM) because the already slow growth of the sax-7 gtl-2 and gtl-2 mutant animals on standard NGM was further impaired at these higher concentrations (data not shown) (Teramoto et al. 2010 ), making it difficult to obtain sufficient numbers of adult animals to perform the Aldicarb response assay. Thus reducing Mg 2+ levels in the culture medium effectively suppressed the sax-7 gtl-2 coiling and Ric phenotypes, consistent with the idea that these phenotypes are due, in part, to a systemic increase in Mg 2+ .
Tissue-specific suppression of Aldicarb resistance reveals a requirement for sax-7 in neurons
Resistance to Aldicarb is observed in animals with impaired presynaptic or postsynaptic function (Nguyen et al. 1995; Miller et al. 1996; Sieburth et al. 2005) . Because sax-7 is widely expressed (Chen et al. 2001; Wang et al. 2005) , the sax-7 gtl-2 Ric phenotype may result from a loss of sax-7 function in neurons and/or muscles or other tissues. Indeed, sax-7 was previously shown to be required predominantly in neurons but also in the adjacent body-wall muscles and hypodermis for optimal maintenance of motor neuron positions (Wang et al. 2005 ). We thus assessed the level of Aldicarb resistance in sax-7 gtl-2 animals expressing sax-7 in each of the three tissues, using the unc-119, myo-3, or dpy-7 promoters (Okkema et al. 1993; Gilleard et al. 1997; Altun-Gultekin et al. 2001) . sax-7 expression in neurons suppressed the sax-7 gtl-2 aldicarb resistance equally as well as full-length genomic sax-7 (Figure 4) . In contrast, sax-7 expression in body-wall muscles or the hypodermis failed to suppress the resistance.
The ability for neuronal but not body-wall muscle expression of sax-7 to suppress the sax-7 gtl-2 Ric phenotype is consistent with a neuronal role for sax-7. To test this hypothesis, we assayed responses of the mutant strains to the nicotinic acetylcholine receptor agonist, Levamisole. Wild-type animals exposed to Levamisole become paralyzed due to continued stimulation of body-wall muscles, which are enriched with acetylcholine receptors; in contrast, animals with defective postsynaptic acetylcholine receptor functions show resistance to Levamisole (Lewis et al. 1980 ; Figure 3 The sax-7 gtl-2 Ric phenotype can be suppressed with nonneuronal gtl-2 expression and culturing of mutant animals on media with reduced Mg 2+ levels. (A) Expression of wild-type gtl-2 driven in hyp7 or in the excretory cell by the dpy-7 and exc-5 promoters, respectively, can suppress the sax-7 gtl-2 Aldicarb resistance just as well as the gtl-2 gene. In contrast, gtl-2 expressed in neurons or muscle by the unc-119 and myo-3 promoters, respectively, cannot suppress the sax-7 gtl-2 Ric phenotype. Two to three independent transgenic lines were analyzed for each construct assessed. The rescue abilities of these constructs were similar in all sax-7 gtl-2 backgrounds but only data for the sax-7(eq1) gtl-2(tm1463) background are shown. (B) The Ric phenotype exhibited by sax-7 gtl-2 animals cultured on standard NGM, which is supplemented with 1 mM Mg 2+ , is dramatically suppressed when animals are cultured on NGM lacking Mg 2+ supplementation. Error bars show the standard error of the mean of at least 12 sample sets, where n = 25 for each set. Miller et al. 1996; Fleming et al. 1997) . After 2.5 hr of exposure to 0.25 mM Levamisole, sax-7 animals responded similarly to wild-type animals, with most animals paralyzed and only 12-15% animals still moving. By comparison, gtl-2 and sax-7 gtl-2 animals showed similar responses, with 32-38% of animals still mobile ( Figure 2A ). As expected, unc-29 mutant animals, which have impaired acetylcholine receptor function, are resistant to Levamisole (data not shown) (Fleming et al. 1997) . The comparable Levamisole resistance levels of gtl-2 and sax-7 gtl-2 animals indicate that loss of sax-7 function does not contribute to the sax-7 gtl-2 Levamisole resistance. Taken together, these results support a neuronal role for sax-7 that can impinge on synaptic function.
Transient, late-onset sax-7 expression rescues sax-7 gtl-2 Aldicarb resistance but not neuronal displacement, revealing a novel nondevelopmental role for sax-7 sax-7 mutant animals display progressive displacement of different neurons, including cholinergic and GABA motor neurons (Wang et al. 2005; Zhou et al. 2008 ). Yet sax-7 single-mutant animals display generally wild-type locomotion and sensitivity to Aldicarb. How does loss of sax-7 contribute to the synthetic sax-7 gtl-2 phenotypes? One possible explanation is the sax-7-related neuronal displacement may modestly impair nervous system function to an undetectable level, but when combined with minor gtl-2-related abnormalities in synaptic function, becomes significantly compromised. Alternatively, sax-7 may possess an as-yet-uncharacterized, direct role in synaptic regulation that can be detected only in sensitized backgrounds. To test this possibility, we expressed sax-7, using an inducible heat-shock promoter in sax-7 gtl-2 L4-staged larvae or young adults after the peak of neuronal displacement (Wang et al. 2005) . A 2-hr induction of the transgene at an elevated temperature of 34°, followed by a 3-hr recovery period at 15°, significantly reduced the level of sax-7 gtl-2 Aldicarb resistance ( Figure 6A ). However, the same sax-7 induction did not rescue the neuronal displacement phenotype ( Figure 6C ). We conclude that neuronal displacement is not the underlying cause of the sax-7 gtl-2 Ric phenotype. Moreover, because of the ability for a late-onset and transient sax-7 expression to rescue the Ric phenotype, we infer that the sax-7 gtl-2 Ric phenotype is caused by functional, not developmental defects. Taken together, these results reveal a novel nondevelopmental role for sax-7 in neurons that can modulate synaptic function.
sax-7 genetically interacts with unc-13 and rab-3, genes that function in neurotransmission
To further investigate the hypothesis that sax-7 modulates synaptic function, we probed whether sax-7 genetically interacts with the core pathway of genes essential for neurotransmitter release. Loss-of-function alleles in these genes generally result in severe locomotion defects, severely abnormal aldicarb responses, and sometimes lethality (Saifee et al. 1998; Kohn et al. 2000) , making it difficult to detect potential genetic interactions with sax-7. To bypass this difficulty, we took advantage of a fortuitous missense mutation (n2813) in unc-13, which was previously used as a sensitized background to successfully identify and study genes involved in synaptic transmission (Yook et al. 2001) . While unc-13 is essential for synaptic vesicle exocytosis and thus neurotransmitter release, unc-13(n2813) homozygous animals, like sax-7 null animals, move relatively well and are difficult to distinguish from wild-type animals (Kohn et al. 2000; Yook et al. 2001) . In contrast, unc-13(n2813); sax-7 double-mutant animals barely move, showing uncoordinated and poor locomotion only when prodded, consistent with a proposed synaptic role for sax-7. We quantitated unc-13; sax-7 movements relative to those of single-mutant animals via a body thrashing assay, which examines the thrashing locomotion behavior of animals placed in liquid (Miller et al. 1996) (also see Materials and Methods). Compared to wildtype animals, which exhibit a thrash rate of 152.44 6 6.9 thrashes per minute, unc-13 and sax-7 single-mutant animals show reduced thrash rates that are 81.7% and 52.4% of wild-type rates, respectively ( Figure 5A ). By comparison, the thrash rate of unc-13(n2813); sax-7 double-mutant animals is only 10.4% of the wild-type rate. The sax-7 genetic interaction with unc-13 is not specific to the n2813 allele, since loss of sax-7 also decreases the thrash rate of animals homozygous for a more severe hypomorphic unc-13 allele, e312 (Kohn et al. 2000) , from 7.7 to 1.2% of the wild-type rate ( Figure 5A ). Loss of sax-7 does not reduce the already diminished thrash rate of the severe loss-of-function unc-13(e1091) allele ( Figure 5A ).
The striking synergy observed in unc-13(n2813); sax-7 animals afforded us a sensitive system to assess whether transient sax-7 expression could rescue the low thrash rates Figure 4 Rescue of the sax-7 gtl-2 Ric phenotype with tissue-specific sax-7 expression reveals a requirement for sax-7 in neurons. Neuronal expression of sax-7 by the unc-119 promoter suppresses sax-7 gtl-2 resistance to Aldicarb to the same level as that of the full-length sax-7 gene, unlike sax-7 expression in body-wall muscle or hyp7. Three independent transgenic lines were analyzed for each construct assessed. The rescue abilities of these constructs are similar in all sax-7 gtl-2 strains. For simplicity, only data for the sax-7(eq1) gtl-2(tm1463) background are shown. Error bars show the standard error of the mean of at least 12 sample sets, where n = 25 for each set.
in unc-13; sax-7 animals. Using the aforementioned inducible heat-shock sax-7 transgenic system, we determined that late-onset transient sax-7 expression could significantly recover the thrash rate in unc-13(n2813); sax-7 L4-staged animals ( Figure 6B ), even as the neuronal displacement phenotype was not rescued ( Figure 6C ). This result indicates that the altered nervous system architecture does not contribute to the unc-13(n2813); sax-7 locomotion phenotype and points to a nondevelopmental role for sax-7 that impinges on synaptic function.
The RAB-3 GTPase functions in targeting the synaptic vesicle to the presynaptic density but is not a core factor that is essential for neurotransmission, unlike UNC-13 (Nonet et al. 1997; Gracheva et al. 2008) . Indeed, in addition to mild behavioral defects, rab-3(js49) null animals also exhibit modest resistance to Aldicarb (Nonet et al. 1997) , thus providing a sensitive platform to further evaluate a role for sax-7 in modulating synaptic signaling. We first assessed whether loss of sax-7 caused a synthetic movement phenotype in rab-3(js49) animals. While rab-3 or sax-7 single-mutant animals move relatively well, rab-3; sax-7 animals exhibit uncoordinated, kinked, and sluggish movements. This synthetic movement defect is reflected in the low thrash rate in rab-3; sax-7 animals of 33.8 6 2.7 thrashes per minute, which is 22.2% of the wild-type thrash rate as compared to rab-3 animals, which display 133 6 3.8 thrashes per minute or 87.3% of the wildtype thrash rate ( Figure 5A ).
How does loss of both rab-3 and sax-7 result in the synthetic movement defects? Unlike the unc-13 alleles we examined, which all exhibit severely Ric phenotypes (Kohn et al. 2000; Yook et al. 2001) , loss of rab-3 results only in a modest Ric phenotype that allows us to use the Aldicarb sensitivity assay as a way to assess whether the synthetic rab-3; sax-7 movement defects are a result of abnormal neurotransmission. We observed that loss of sax-7 function reduced rab-3 Aldicarb sensitivity so that 55.6% of rab-3; sax-7 animals were still moving after 3 hr of exposure to 1 mM Aldicarb, in contrast to the 11.2% of rab-3 and 3.6% of sax-7 animals that still showed movement ( Figure 5B ). Taken together, these results point to abnormal synaptic function as a contributing factor for the synthetic movement defects and enhanced Ric phenotype in rab-3; sax-7 animals, adding support to the hypothesis that sax-7 has a previously uncharacterized function that can modulate synaptic activity.
Discussion
This study reports the identification of the eq3 mutation in gtl-2 in the LH1 strain that accounts for the behavioral phenotypes that are not exhibited by other sax-7 alleles. The vicinity to and genetic interaction with sax-7 initially obscured the presence of the eq3 mutation in LH1. The genetic interaction between sax-7 and gtl-2 is manifested as a synthetic coiling behavior and Aldicarb resistance, phenotypes that are suggestive of abnormal synaptic activity. Consistent with a role in regulating synaptic function, sax-7 also genetically interacts with unc-13 and rab-3, resulting in synthetic movement defects and also enhanced Ric phenotype in rab-3; sax-7 animals. Because the synthetic phenotypes of sax-7 gtl-2 and unc-13(n2813); sax-7 animals can be suppressed by late-onset transient expression of sax-7, we conclude that sax-7 has a novel nondevelopmental role that can modulate synaptic function.
Effects of systemic magnesium homeostasis on neuromuscular activity
How does the loss of gtl-2 function contribute to sax-7 gtl-2 synthetic phenotypes? The gtl-2 Gro phenotype was previously shown to be a result of the increased systemic Mg 2+ Figure 5 sax-7 genetically interacts with the neurotransmission genes, unc-13 and rab-3. (A) Quantitation of locomotion defects in unc-13; sax-7, rab-3; sax-7, and the corresponding single-mutant backgrounds via the thrashing assay, where the thrash rate (number of thrashes per minute) is represented as a percentage of the wild-type thrashing rate, which is 152.44 6 6.9 thrashes per minute. Error bars show the standard error of the mean. n = 50 animals. Error bars show the standard error of the proportion of at least 12 sample sets, where n = 25 for each set. n.s., not significant. (B) A time-course response of wild-type and mutant strains on NGM media containing 1 mM Aldicarb. Controls include wild type (WT), which is sensitive to Aldicarb, , which is resistant to Aldicarb (data not shown) (Miller et al. 1996) . Error bars show the standard error of the mean of 10 sample sets, where n = 25 animals for each set. *'s represent the P-values calculated by Student's t-test, comparing rab-3; sax-7 Aldicarb resistance to that of rab-3. *P , 0.005, **P , 0.0005, ***P , 5 3 10 25 , ****P , 5 3 10 27 . levels in gtl-2 animals (Teramoto et al. 2010) . Consistent with this finding, the sax-7 gtl-2 growth rate was recovered by culturing sax-7 gtl-2 animals on media with reduced Mg 2+ levels. Reduced Mg 2+ levels also suppressed the sax-7 gtl-2 Con, Egl, and lethargic phenotypes as well as the synthetic coiling and Ric phenotypes, supporting the idea that increased systemic Mg 2+ levels contribute, in large part, to these apparent neuromuscular phenotypes.
Although it was previously shown that systemic ion homeostasis contributes to neuronal network excitation/ inhibition balance in C. elegans (Stawicki et al. 2011) , it is not clear how the increased systemic levels of Mg 2+ may affect neuromuscular function. Similar to gtl-2 animals, patients suffering from hypermagnesemia also present clinically with neuromuscular symptoms that include lethargy, paralysis-inducing deep tendon reflex loss, and impaired cardiac functions. These symptoms are thought to arise in part from the inhibitory actions of Mg 2+ on neurotransmission, voltage-gated calcium channels, and the ryanodine receptor (Mordes and Wacker 1977; Lansman et al. 1986; Sonna et al. 1996; Topf and Murray 2003; Wang et al. 2004; Laver 2007; Wang and Berlin 2007; Alexander et al. 2008) . It is possible that these processes in C. elegans are similarly affected by the increased systemic Mg 2+ levels in gtl-2 backgrounds. Alternatively and/or additionally, the abnormal Mg 2+ levels may simply have a negative impact on general animal health that indirectly affects neuromuscular function.
In addition to Mg 2+ , other divalent ions regulated by gtl-2 may also contribute to the sax-7 gtl-2 synthetic phenotypes. TRPM channels are permeable to Ca 2+ and trace metal ions, including Zn 2+ and Ni 2+ (Monteilh-Zoller et al. 2003; Georgiev et al. 2010; Nilius and Owsianik 2011) . Indeed, besides being hypermagnesemic, gtl-2 mutant animals also have reduced systemic Ca 2+ levels, which are likely to also influence neuromuscular activity (Teramoto et al. 2010) . Furthermore, metal ions were implicated in the gtl-2-related suppression of convulsions that resulted from acr-2 hyperactivity (Stawicki et al. 2011) .
The role of sax-7 in the sax-7 gtl-2 synthetic phenotypes It is interesting that no overt abnormalities in nervous system function are observed in sax-7 animals, despite progressive displacement of neurons and their processes. It is only in sensitized gtl-2, unc-13(n2813), and rab-3 backgrounds where synaptic activity is modestly altered that loss of sax-7 function can cause synthetic phenotypes that implicate neurotransmission defects. The genetic interaction between sax-7 and rab-3 null alleles suggests that sax-7 functions in a process distinct from that of rab-3. In contrast, we are unable to discern whether sax-7 functions together with unc-13 or in an unc-13 parallel pathway. Because UNC-13 is a core component of the neurotransmission machinery, loss of unc-13 function results in a severe phenotype that cannot be further enhanced. As a result, the genetic interaction with sax-7 can be observed only with weaker hypomorphic unc-13 alleles. Importantly, the use of tissue-specific and inducible sax-7 expression systems to successfully rescue the synthetic phenotypes but not neuronal displacement reveals a novel function for sax-7 in neurons that is distinct from its well-characterized role in maintaining neural architecture. When taken together, these findings point to this novel sax-7 role as having apparent modulatory activity on synaptic function.
Previous studies have implicated L1CAMs in synapse formation and maturation. For example, L1 has been shown to act transcellularly to organize nicotinic cholinergic synapses (Triana-Baltzer et al. 2006 . Moreover, a previous study revealed a role for the Drosophila L1CAM neuroglian in central synapse formation (Godenschwege et al. 2006) . While it is possible that sax-7 participates in synapse Figure 6 The synthetic phenotypes displayed by sax-7 gtl-2 and unc-13; sax-7 animals are suppressed by late-onset, transient sax-7 expression. (A) Induced sax-7 expression with a heat-shock promoter in young adults suppresses the Aldicarb resistance in sax-7(eq1) gtl-2(tm1463) animals. Two independent transgenic lines were assessed. Error bars show the standard error of the proportion of at least 12 sample sets, where n = 25 for each set. (B) Quantitation of locomotion defects in unc-13(n2813); sax-7 and corresponding single-mutant backgrounds via the thrashing assay, where the thrash rate (number of thrashes per minute) is represented as a percentage of the wild-type thrashing rate, which is 152.44 6 6.9 thrashes per minute. Error bars show the standard error of the mean. n = 50 animals. (C) Quantitation of young adult animals exhibiting displaced GABA neurons reveals that late-onset transient sax-7 expression cannot rescue the sax-7-related displaced neurons in the different mutant backgrounds.
formation, we think this is unlikely to contribute to the synthetic phenotypes we observed. First, examination of sax-7 gtl-2 cholinergic and GABAergic synapses revealed no overt morphological abnormalities. Second, suppression of the synthetic sax-7 gtl-2 Ric and unc-13; sax-7 movement phenotypes by late-onset transient sax-7 expression in L4-staged animals, a time when mature synapses have long been formed, strongly argues against a role for sax-7 in a developmental process such as synaptogenesis. Instead, the temporal nature of this sax-7 rescuing activity is more in line with sax-7 having an acute role in nervous system function, such as modulating synaptic activity. It is not clear how sax-7 may influence synaptic function, but one possibility stems from a previous study demonstrating a role for CHL1 in regulating recycling of synaptic vesicles (Leshchyns'ka et al. 2006) . A reduced rate of synaptic vesicle recycling could account for the observed synthetic phenotypes in sax-7 mutant backgrounds.
Supporting this possibility is the significantly reduced thrash rate observed in sax-7 animals when placed in liquid, despite generally normal locomotion on agar, a solid substrate. In contrast to locomotion on solid agar surfaces, the demand on synaptic function is far greater for animals in liquid to execute the quick and continuous thrashing movements. A reduced synaptic vesicle recycling rate, even at modest levels, is likely to be magnified in such an assay.
Modifier genes in uncovering novel L1CAM functions
Modifier gene studies have been essential in revealing mechanisms underlying cellular processes and signal transduction pathways (St. Johnston 2002) . For example, much of our understanding of the MAP kinase signaling pathway as well as C. elegans vulval development stemmed from genetic modifier screens that identified suppressors or enhancers of vulval phenotypes (Fay and Yochem 2007; Sundaram 2013) . Such modifier gene studies not only reveal mechanisms of cellular processes, but often also uncover novel roles for genes that may be masked by genetic redundancies or other essential functions. Indeed, a previous study uncovered a nonneuronal role for SAX-7 in gastrulation that was made evident only in the absence of HMR-1/ cadherin because of functional redundancy by both genes in this process (Grana et al. 2010) . Mammalian L1CAMs have also been shown to act as modifier genes. For example, L1 acts as a modifier for intestinal aganglionosis, genetically interacting with the endothelin signaling pathway during enteric nervous system development (Wallace et al. 2010 (Wallace et al. , 2011 . In addition, Nrcam acts as a modifier gene in peripheral neuropathy, genetically interacting with Lpin1 to synergistically cause progressive hindlimb paralysis. This genetic interaction demonstrates that in addition to the wellcharacterized neuronal developmental roles, NrCAM is also important for adult nervous system function (Douglas et al. 2009 ). In our study, we demonstrate that sax-7 has a previously uncharacterized neuronal role that was uncovered only in sensitized backgrounds with abnormal synaptic function.
Similar genetic interactions by L1CAMs with synaptic genes in humans may account for some of the heterogeneity of the CRASH symptoms in the L1 disorder as well as complex neuropsychiatric disorders, addiction, and autism associated with L1CAMs. The single black box indicates three non-mutant mosaic animals arising from descendents of ABplp, which contribute to two gtl-2-expressing tissues, the excretory and phasmid sheath cells, but not to hyp7. Thus, these animals show gtl-2 expression not in hyp7 but in the excretory cell in two mosaic animals and a phasmid sheath cell in one mosaic animal. As determined by a gtl-2 ::gfp construct, gtl-2 is expressed in (B) hyp7 (red arrows), the excretory cell (long white arrow), and phasmid sheath cells (short arrows). Scale bar, 40 m
